Selective removal of one phenyl group from alkyl diphenyl phosphates is reported. Catalytic hydrogenation on palladium catalyst (Pd/C) under atmospheric pressure provides the corresponding monophenyl phosphates in 70-89% yield. The method is efficient and mild, however, it cannot be applied for acid sensitive substrates. 
Introduction
Many natural products such as phospholipids, oligonucleotides, carbohydrate phosphates often possess in their structure a phosphorylated primary alcohol function [1] [2] [3] . Therefore, selective introduction of phosphate functionality is still a challenging task in organic synthesis [4] . Diphenyl chlorophosphate is used as one of more valuable reagents for the synthesis of alkyl dihydrogen phosphates. It reacts readily with alcohols in pyridine to give the proper alkyl diphenyl phosphates [5] . Finally, both phenyl groups usually are removed by hydrogenolysis over platinum [6] . The reagent present paper we wish to report a mild method for partial deprotection of alkyl diphenyl phosphates. Hydrogenolytic removal of one phenyl group seems to be a good alternative for other methods conventionally used in the synthesis of mixed dialkyl phosphates.
Results and discussion
Phenyl groups are used for protection of phosphates during introduction of this functionality in the natural product synthesis [7] when diphenyl chlorophosphate was used as reagent [8] . These groups are easily removable under mild conditions by catalytic hydrogenation on platinum catalyst [9] [10] [11] . For this purpose other more drastic hydrolytic methods are also used [7] .
As part of a larger project, we developed an efficient and mild procedure for selective removal of only one phenyl group from alkyl diphenyl phosphoric esters. To our best knowledge, no similar transformation by means of catalytic hydrogenation has been described in the literature. Only Beven [12] and Folsch [13] in 1950s mentioned that during hydrogenolytic deprotection on Pd/C catalyst of O-diphenylphosphoryl-Ncarbobenzoxy peptides, the removal of N-carbobenzoxy group, was accompanied by the formation of O-monophenyl phosphorylated peptide as by-product.
In the more recent literature only a few examples of selective hydrogenation of diphenylphosphoryl derivatives (AP(O) (OPh) 2 ) have been reported by Slepokura in 2006 [14] and Chelmecka et al. [15] . Such conversion takes place in the course of hydrogenolysis on palladium catalyst (Pd/C) when ammonium formate as a hydrogen source is used [10] . Unfortunately, no experimental details have been presented.
In the present paper a series of diphenyl phosphates 2a-g (Scheme 1) were obtained by standard phosphorylation ((Ph 2 O) 2 POCl, pyridine, [11] ) of commercially available alcohols (1c, 1f and 1g). The deprotected O-glucosides 1a, 1b, 1d and 1e which were subjected to phosphorylation, were synthesized in our laboratory [16] . An introduction of diphenyl phosphoric residue to the alcohols 1a-g resulted in deshielding of signals of neighboring carbon atom in 13 C NMR of the alcoholic part by 2.5 ± 0.5 ppm, as expected [16, 17] . The position of the phosphate group in 2b, 2d and 2e was conclusively determined in the presence of coupling constants 2 J PAOAC and 3 J PAOACAC in 13 C NMR spectra [16] . All phosphorylated substrates for hydrogenolysis 2a-g were characterized by spectroscopic methods: IR, 1 H, 13 C and 31 P NMR. Catalytic hydrogenation over platinum catalyst is a commonly used method for full deprotection of diphenyl phosphates [9, 18, 19] . Unexpectedly, the same reaction carried out over palladium on charcoal provided mono dephenylation products. The best results for transformation of diphenyl 2a-g to monophenyl phosphates 3a-g were achieved when methanolic solutions of substrates were hydrogenated over 5% Pd/C (Scheme 1). The reaction was tested on different types of substrates (2a-g) and the respective alkyl monophosphates 3a-e were obtained in good yields (see Table 1 ). The products 3a-g were characterized by 1 The reaction was studied using menthyl diphenyl phosphate 3c as a model compound (Scheme 2). The reaction progress was monitored by 31 P NMR spectra. The phosphorus signals of 2c (À12.29 ppm), 3c (À6.31 ppm) and 4 (À0.22 ppm) were diagnostic for analysis of reaction mixture as an illustration the 31 P NMR spectra are presented on Fig. 1 . Prolonged hydrogenation (96 h) of 2c provided selectively monophenyl phosphate 3c. No traces of fully deprotected phosphate 4 was detected. It is worth to know, that acidification of the reaction medium takes place during the reaction as a result of liberation of phosphoric function that can be responsible for the observed selectivity. Considering this fact, the next experiments were performed in two variants. In the first one, the reaction with an addition of triethylamine was performed (0.5% v/v), and in the second, one acetic acid was added (0.5% v/v). Neutralization of the formed phosphoric acid group by addition of Et 3 N resulted in acceleration of the reaction. After 8 h 83% conversion of 2c was observed (by 31 P NMR), and without Et 3 N the similar % of conversion was achieved after 24 h (Fig. 2) . On the other hand the presence of acetic acid in the reaction medium notably hampers the reaction speed. After 96 h % of conversion was merely 43%. The complete lack of reactivity of 2c under hydrogenation conditions was observed when ethyl acetate instead of methanol was used as a hydrogenation medium (reaction time up to 96 h). According to the literature data, the hydrogenolysis-reduction of diphenyl phosphates over platinum catalyst is accompanied by phenyl ring reduction to cyclohexane [6, 13, 18, 19] . In our experiments less active palladium over charcoal was used. Under these conditions reduction of only one phenoxy group rather than benzene, not to cyclohexane, should be considered. In order to support this idea, an additional experiment was carried out. Checking the influence of benzene formation on diphenyl phosphate deprotection over palladium catalyst the prolonged hydrogenation of 2c (96 h) over 5% Pd/C in 0.5% sol. C 6 H 6 in MeOH was done.
31 P NMR recorded from the reaction mixture did not show any traces of phosphates 3c or 4. This observation may suggest that benzene formed in situ coordinates to palladium catalyst and reduces its activity. As a consequence, the reaction is more selective and only one phenyl residue is reductively removed.
The described method seems to be of general use. However, the liberated phosphoric acid function causes some acidification of the reaction medium. This may be a reason of some side reactions e.g. partial dephenylation of 2f was accompanied by removal of a 5,6-O-isopropylidene protecting group to afford 3f. Therefore acid sensitive groups should be avoided for protection of other functionalities present in substrates. Otherwise the reported method is mild and efficient. It may find synthetic application, e.g. in the preparation of mixed phosphates.
Experimental
1 H, 13 C, and 31 P NMR spectra were recorded on a Bruker AC 400 spectrometer. Chemical shifts (SYMBOL 100 nf ''Symbol") are reported in ppm downfield from TMS and J-coupling constants are given in Hz. The chemical shift in 31 P NMR spectra is given relative to H 3 PO 4 . Elemental analysis was carried out on Elementar AnalysensystemeGmbH VarioMICRO Cube analyzer on CHN mode. 1 The course of reactions was monitored by TLC (DC Fertigplatten 60 F 254 Merck). The products were purified by Medium Pressure Liquid Chromatography (MPLC) using Merck silica gel (230-400 mesh). All reagents and solvents were used as received from commercial suppliers. Pyridine was dried over solid KOH and distilled. The deprotected O-glucosides 1a, 1b, 1d and 1e were obtained according to known procedures [20, 21] . The 1 H, 13 C and 31 P NMR spectra of diphenyl phosphates 2c [22] [23] [24] , 2d [15, 25] , 2f [22] and 2g [26] were identical with those reported in the literature. The spectroscopic data for the new compounds 2a, 2b and 2e are included in the Supporting Information.
3.1. General method for selective hydrogenation of phosphates 2a-g (for details see Table 1 )
The phosphate 2a-g (0.2 mmol) and the catalyst (30 mg of 5% Pd/C) in methyl alcohol (20 ml) were magnetically stirred at ambient temperature. The stream of hydrogen was bubbled through the mixture until completion of the reaction (TLC). The catalyst was filtered off through a pad of Celite, and the filtrate was evaporated to dryness. The residue was purified by column chromatography (MPLC). All new hydrogen phosphates 3a-g were analyzed by 1 H, 13 C and 31 P NMR spectroscopy. The spectroscopic data of compounds 3a-g are available in the Supporting Information.
Conclusion
In conclusion, the present protocol describes a simple and efficient method for the selective deprotection of alkyl diphenyl phosphate to the corresponding monophosphates. Catalytic hydrogenation on palladium catalyst (Pd/C) allows for efficient preparation of alkyl monophenyl phosphates. This protocol is an attractive contribution to the arsenal of methods in synthetic phosphorous chemistry.
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